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INTRODUCTION 
The main object of these studies has been the collecting of further ex- 
perimental evidence for the view that  the living stomach mucosa shows 
in many respects the behavior of a dialysis or diffusion membrane (Teorell, 
1933). 
In a  previous work the author (Teorell,  1933) had conclusively proved 
that the acidity of HC1, introduced into the cat's stomach, was reduced by 
a process which appeared to be ordinary diffusion. 
Some other electrolytes were also found to diffuse through the mucosa 
surface.  Not only could many ions penetrate into the mucosa from the 
stomach content, but  there  was  also  a  simultaneous, outwardly directed 
diffusion (in the main consisting of alkali chlorides) from the mucosa cells 
(or from the blood across the mucosa) into the stomach content. 
No attempt will be made here to mention all the papers concerned with 
this field, as the subject has recently been well reviewed by Hollander and 
by Ihre.  The older literature before  1933 was sketched by  Gelman and 
Scheweluchin and by the author (1933).  Papers with a direct bearing on 
the present communication will be referred to in the discussions below. 
EXPEI~  TMF.NTAL 
Adult cats were fasted 24 hours and narcotized first with ether, then with chloralose- 
urethan given intravenously.  Ligatures were tied round the pylorus and the cardia. 
A cannula was tied in the distal pyloric part of the stomach.  A thin rubber tubing 
with many holes was introduced through the cannula when juice samples were to be 
taken, with a syringe serving as aspirator.  The stomach was flushed inside with many 
portions of warm saline, emptied and allowed to come to rest during 1 to 2 hours before 
the actual experiments began.  As a  rule no secretion was found after  that period. 
* The experiments  were carried out when the author held a fellowship  of The Rocke- 
feller Foundation. 
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The solutions to be examined were measured accurately (to  -4-0.1 cc.), introduced into 
the emptied stomach cavity, and allowed to stay there for 15 minutes when the fluid 
was aspirated  completely and again measured.  After a small amount (generally 0.1 to 
0.3  co.) had been withdrawn for quantitative analysis, the rest of the fluid was poured 
back.  After a further interval of 15 minutes the whole procedure was repeated.  HC1 
secretion was induced by subcutaneous injection of histamine.  A histamine secretion 
test was always used as a control of the intactness of the stomach after the conclusion 
of long experiments. 
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FIo.  1.  Introduction  of isotonic hydrochloric acid  in  a  cat's  stomach.  Note the 
"exponential" decrease of the acidity (H) and the simultaneous increase of alkali cations 
(base)  without  appreciable  volume  change,  indicating  an  exchange  diffusion  process 
(of.  Fig. 8).  The temporary chloride decrease is also in accordance with the diffusion 
concept (cf.  Teorell (1933,  p. 291)). 
The  acidity  was  determined  by microtitration  using  brom-thymol blue  (pH  7.0) 
as indicator.  Total chlorides were electrometrically titrated in the same sample using 
AgNOv  Acetate was determined using micro-conductometrical titration in 50 per cent 
alcohol  employing mercuric  perchlorate. 1  Sulfate  analysis  was  also  performed  con- 
ductometrically using  Ba-acetate, 1  Phosphate was determined spectrophotometrically 
(Teorell,  1931),  iodate iodimetrically,  glycine after  wet  combustion as NH~ by Ness- 
lerization, and  glucose with the aid of  Benedict's  method. 
All concentrations are expressed in millinormality (naN). 
1 Britton, H. T.,  Conductometric analysis, London, Chapman and  Hall,  1934,  115 
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RESULTS 
In order to  simplify the presentation of the experimental results  they 
are all plotted graphically. 
Hydrochloric Acid, HCI, (Fig. l).  The acidity (H ions) decreased rapidly 
following an "exponential" curve.  The Cl concentration also fell off some- 
what during the first stages, but after about half an hour the CI level showed 
a  tendency to  recover to  its  initial  value of  160-170  raN.  The  "base," 
consisting mainly of Na, rose at a rate which was slower than the disappear- 
ance of the H  ions. 
During  these  changes of  the  ionic  concentrations,  the  volume of  the 
introduced samples  underwent but  slight  variation.  With  the exception 
of the first 15 minute interval when a  15-20 per cent increase took place, 
the volume remained practically constant. 
These observations were confirmed in  numerous duplicate experiments 
on other cats:  in  Fig.  2  there are collected six  similar experiments with 
5 cc. samples and one experiment with a 10 cc. sample.  In the 5  cc. curve 
the H  and Cl run, on the whole, closely parallel.  In the 10 cc. curve the H 
decreased at a rate about half that of the 5 cc. curve.  Further experiments 
with still larger volumes showed very little decrease of acidity during the 
time  of  the  experiment. 
Perchloric Acid, HCIO4,  (Fig.  3).  The  acidity decreased rapidly  at  a 
rate approximately equal to that of HCI without any significant increase 
or decrease of the introduced sample volumes.  At the same time a con- 
tinuous increase in  Cl ions was observed. 
Sulfuric Acid, H2SO4, (Fig.  3).  Here  a  complete analysis of  all  ionic 
constituents was possible.  The H  decreased somewhat more slowly than 
with HCI or HCIO4.  The SO4 ions decreased in concentration although not 
rapidly.  Cl and base increased steadily.  It is noticeable  that  the total 
base  (Cl  ~  SO4) remained practically constant at a  value about  170-180 
mN  (blood  isotonicity?).  Irregular,  but  comparatively  small  volume 
changes were observed. 
A  comparison between a  strong and some weak acids (HCI, lactic acid, 
formic acid,  and acetic acid),  (Fig.  4).  Equal  volumes  (in  this  case I0, 
not 5 cc.) of the different acids were compared on the same animal.  It is 
striking that the titratable acidity of the weaker acids diminished far more 
quickly than for HCI.  Simultaneously the Cl increase was more marked 
when testing the weak acids.  The volume changes were small. 
Acetic Acid and Sodium Acetate, (Fig. 5).  Pure HAc, an equimolecular 
mixture of HAc and NaAc, and a pure NaAc  solution  were tested.  The 266  PERMEABILITY  OF STOMACH  MUCOSA  FOR ACIDS 
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FIG. 2.  Results of HC1 introduction in six cats.  In all cases but one 5 cc. were used. 
Observe that the acidity drop is slower in the 10 cc. experiment. 
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FIG. 3.  Introduction  experiments with  perchloric and  sulfuric acid. 
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FIG. 4.  Introduction of a  strong and some weak acids. 
-  =  acidity  .......  chloride  O  =  HCl 
•  =  lactic acid  ×  =  formic acid  +  =  acetic acid 
The  weaker  the  acid the faster is the  decrease in  the  acidity.  Note  also  the  rapid 
chloride increase with the weak acids. 
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FIG.  5.  Introduction  of  mixtures  of  acetic  acid  +  sodium  acetate. 
disappears most rapidly in the undissociated state (cf. the HAc curve). 
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total acetate concentration was about the same in each of these experiments 
(160-180  mze).  (a)  Pure HAc:  The titratable acidity  sank very rapidly, 
also the Ac fell off at a high rate and simultaneously the C1 increased quickly. 
The sum of anions (=  total base)  decreased to about 125 raN, which prob- 
ably represents a  slight hypotonicity, a tendency to volume decrease being 
noticed.  (b) HAc/NaAc 1 : 1 :  Rapid H decrease, much slower Ac decrease, 
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FIG.  6. Introduction  of Na-sulfate and  Na-iodate.  The  sulfate disappears very 
slowly, the corresponding  volume changes are insignificant.  Scarcely any iodate seems 
to penetrate the Stomach mucosa, as shown by the positions of the crosses denoting 
the iodate concentration as a result of the successive  dilutions (observe the great volume 
increments). 
and  a  slower  C1  increase  as  compared  with  HAc  alone.  Less  marked 
reduction  of  total  anions,  insignificant  volume  variations.  (c)  NaAc: 
Still slower Ac decrease, slow C1 increase, sum  of anions  about constant, 
and a  tendency to volume augmentation. 
Sodium Sulfate, Na2SO4, (Fig. 6).  This  substance represents a  neutral 
salt.  While  it  was  observed  that  SO4  concentration diminished slowly, 
this fact could not be ascribed to  dilution, because the volume increment TORSTEN  TEORELL  269 
was negligible.  As usual, a steady increase of C1 was observed.  The  total 
base increased  slowly towards values representing  blood isotonicity. 
Sodium  Iodate,  NaIO3,  (Fig.  6).  This  substance,  although  neutral, 
showed a  behavior which differed markedly from what has  been hitherto 
reported.  Large volume increments were observed and when due attention 
was paid to this circumstance,  it was found that  the decrease of 103 con- 
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centration could be fully explained as a  dilution effect (compare the crosses 
and circles in the figure).  The C1 values grew more rapidly than usual. 
Glucose  and  Glycine  (glycocoll),  (Fig.  7).  Glucose, although  slightly 
hypotonic (0.3 normal,  undissociated), behaved as the iodate, i.e.  no actual 
disappearance of the substance out of the stomach cavity was detectable if 
allowance  was  made  for  the  dilution  caused  by  the  volume  increments 
FIG. 7.  (a)  Introduction of glycine and glucose.  Insignificant penetration of glycine. 
The decrease of the glucose concentration is apparently  caused by simple dilution  (of. 
the crosses which denote concentrations as calculated  from  successive dilutions; note 
the marked volume increments).  (b) Introduction  of a hypotonic NaC1 solution.  The 
chlorides rise towards a value higher than the plasma C1 (ca. 110 raN) and the Donnan 
level (ca. 130 m~,  see  "Aqueous  humor").  This  CI increase is not accompanied by 
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(cf.  cross-marked points in the figure).  The glycine concentration, as well 
as its sample volume, remained practically unaffected.  In both cases the 
usual C1 increase was present. 
DISCUSSION 
1.  The introduced solutions were calculated to be approximately isotonic 
with the body fluids.  Therefore, if the stomach mucosa behaves as a dialy- 
sis membrane,  2 solutions of fully permeable substances should not undergo 
volume changes, but would show concentration changes due to diffusion  s 
(group A).  Solutions containing poorly permeable substances (group B), 
on the other hand, might attract water, because the stomach and its content 
would  act  as  an  osmometer  (suspended  in  the  mucosa  cell  fluid or  the 
blood plasma).  In  the latter case the concentration of the impermeable 
substance would diminish by dilution only and permeable substances from 
the mucosa or the blood would increase in concentration owing to diffusion. 
The substances investigated can be referred to these two groups as follows: 
Group A  Group B 
(Permeable)  (Poorly permeable) 
Weak acids (HAc, etc.)  NalOs 
Strong acids (HC1, HC10,, etc.)  Glucose 
KBr*  Glyeinet 
NaHCOs* 
NaAe 
NasS04 
* Footnote 4. 
t Footnote 5. 
The most striking observation is that the hydrogen ions of strong acids 
pass  out  of the  stomach contents quite  easily.  Incidentally, it may be 
pointed out that the poor permeability and strong water-attracting power 
of the iodate also show up in model diffusion  experiments with cellophane or 
collodion membranes. 
2.  The  acidity reduction  of  the  strong  acids  needs  a  more  complete 
2 The stomach content is the "inside" solution; the mucosa ceils, or rather the blood, 
the "outside" solution. 
3  When the substance penetrates much faster than the solutes of the "blood" side 
one may anticipate a  temporary hypotonicity and hence a volume decrease (cf.  the 
comments on pure HAc on page 268). 
4 Cited from Teorell, T., Skand. Arch.  Physiol., 1933, 66, Fig. 13, p. 297. 
The absence of volume increase in the present experiment can probably be ascribed 
to the fact that the glycine solution was only about "half" "  "  motomc (freezing point-- 
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discussion.  In  general,  acid  concentration changes might be  caused by 
the following processes; either single or combined: 
(a)  Neutralization of  the hydrogen ions by substances acting as bases: 
alkali bicarbonate, acid-binding mucus, proteins, phosphates, etc. 
Against the probability of this process there is,  in the first place,  the 
constancy of the introduced volumes.  Any neutralizing agent ought to 
be produced in the dissolved state, and would therefore increase the total 
volume.  A simple calculation is illuminating in this respect:  suppose that 
a hypothetical neutralizing secretion has an acid combining power equal to 
0.17  N NaOH  (an  absurdly  high figure).  This  strength corresponds to 
that of the freshly secreted gastric  hydrochloric acid and to that of the 
"artificial" acids introduced in these experiments, therefore any volume of 
acid ought to require an equal volume of the hypothetical secretion in order 
to be completely neutralized, and hence the total volume would be doubled. 
Such  an  increment  was,  however,  never  observed  here.  One  might 
perhaps argue that a volume increase could have been obscured by a simul- 
taneous "reabsorption" of water from the gastric content.  Such a process, 
however,  does  not  seem  probable. 
As a  further argument against neutralization one can point out that re- 
action products resulting from a neutralization reaction cannot be recovered 
in the gastric content in amounts equivalent to the magnitude of the hy- 
drogen ion disappearance. For  instance,  the  "bicarbonate  neutralization 
hypothesis"  advanced  by  Hollander  in  1932  has  as  a  consequence the 
production of carbon dioxide: 
HCI +  NaI-ICOa -- NaCI -b H20 -b CO2 
Introduction of HC1 combined with carbon dioxide determinations, how- 
ever, have failed to demonstrate any significant CO~ production (Teorell, 
19336) during the acidity reduction.  Ihre has recently performed quanti- 
tative mucus and nitrogen determinations, and he also failed to find amucus 
or  protein increase  corresponding to  more than  a  fraction of  the  total 
acidity  decrease. 
(b)  Dilution has repeatedly been proposed as a mechanism for the acidity 
"regulation" (see the review by HollanderT).  On grounds similar to those 
that  were  discussed in  the  foregoing section on  neutralization,  one  can 
reject  the  idea  that  the  reductions of hydrogen ion  concentration were 
caused by simple dilution, the volume changes being too small. 
(c)  Ionic exchange (exchange diffusion) remains as the only mechanism 
e TeoreU, T., Skand. Arch. Physiol.,  1933, 66, 288. 
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which  can  satisfactorily explain  the  behavior  of  the  acids.  The  sketch 
(Fig.  8)  may  illustrate  the  exchange  diffusion of  the  hydrochloric  acid 
which is secreted by the stomach itself, and the same exchange is regarded 
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FIG.  8.  Sketch  schematically ex- 
plaining the "diffusion theory."  The 
gastric juice is secreted mainly as pure 
HC1  (about  isotonic  with  blood). 
There is a continuous  outward diffu- 
sion  of HCI  and a  simultaneous  in- 
ward  diffusion  of  NaCl--strictly 
speaking  an ionic exchange  between 
H +  and  Na  +.  The  reduction  of 
acidity and  variation  of amount of 
chloride  take  place  in  this  manner. 
The larger  the volume of liquid, the 
less is the drop in acidity in unit time. 
Large volumes are met with when the 
secretion is rapid, or when the content 
is  increased;  for  example,  owing  to 
introduction  of  a  test  meal.  The 
NaCI diffusion can  take  place  even 
into the contents of a resting stomach 
(from Teorell,  1935). 
as  taking  place  with  artificially intro- 
duced  HC1.  The  chief  blood constitu- 
ents which  can  serve as  substitutes for 
stomach content (gastric juice) constitu- 
ents are sodium and chloride ions. 
3.  If the diffusion concepts are correct 
one  might  expect  that  model  experi- 
ments  with  artificial  diffusion  mem- 
branes  should  exhibit  similar  features 
as observed in the living animal experi- 
ments.  Such a  similarity  has  actually 
been demonstrated by the author, s  As 
a  further example it may be noted that 
the  characteristic  "temporary  chloride 
decrease" displayed  in  the HC1 experi- 
ment of Fig.  1,  can  be  found also in a 
model  experiment  in  which  HC1  was 
placed  in a  cellophane  or collodion bag 
immersed in a large volume of NaC1 solu- 
tion)  Also  the  order  of  the  diffusion 
rate of different ions  or salts is, on the 
whole,  the  same  in  model  experiments 
and  in living stomach experiments. 
4.  As an argument against simple ex- 
change diffusion  might  appear the fact 
that  the  chloride  increase  which  is 
noticeable  in  all  experiments  tends  to 
attain  not  the  level  of  the  blood  (or 
mucosa  cell)  chlorides  of  around  100 
raN, but a decidedly higher level of about 
150  m~  (Fig.  7,  the  experiment  with 
110  mN  NaC1  solution),  t°  This  observation  is,  however,  not  against 
the concept of diffusion since it should be remembered that when dealing 
with diffusion of ions one has to consider an extra "driving force" besides 
the  osmotic pressure  (--- concentration  difference),  namely  an  electrical 
s Teorell, T., Skand. Arch. Physiol., 1933, 66, 284-292. 
9 Teorell, T., Skand. Arch. Physiol.,  1933, 66, Fig.  11, p. 291. 
10 See also Teorell, T., Skamt. Arch. Physiol., 1933, 66~ Fig. 12, p. 297. TO]RST~N  TEOI~LL  273 
potential difference that  might exist  across  the  diffusion boundary  (cf. 
the Donnan effect and the "diffusion effect," TeoreU 1935 b,  1937).  The 
"accumulation" of C1 ions in the cats' aqueous humor (Fig. 7) to a  value 
exceeding the blood plasma level by ca.  30 mN is in all probability a more 
or less genuine Donnan effect (Bolam, 1932). 11  It is conceivable that the 
tendency to a chloride accumulation in the stomach is due to a similar mech- 
anism, involving the effect of an electrical "membrane potential." 
5.  An observation which requires special consideration is  the  extreme 
rapidity with which weak acids such as HAc disappeared from the stomach 
content (Fig. 4).  The weaker the acid,  the faster it disappeared.  This 
phenomenon could be accounted for by assuming that the  undissociated 
acid molecules could permeate the mucosa by other paths than could the 
ions, owing to the solubility of these molecules in the non-aqueous parts 
of the cell membranes.  As further evidence may be taken the observation 
that the pure acid disappeared faster than its salt (Fig. 5).  The permeation 
of weak acids would thus correspond to the mechanism proposed by Oster- 
hout and  collaborators  (cf.  Jacques)  for  the  entrance of H2S  and other 
substances into Nitella  and Valonia  plant cells (cf.  also Maizel's views on 
the permeability of red blood cells  for weak adds).  Another reason for 
an accelerated diffusion can also be suggested.  By direct inspection of the 
opened stomach it can be observed that an acid, as HAc,  acts as an "ir- 
ritant;"  the  normally feebly pink  mucosa acquiring  a  deeper red  color 
indicating an increased blood flow.  It seems justified to assume that this 
augmented flow of blood results in an increased intensity of diffusion.  As 
evidence of this may be taken the finding that the chlorides in the stomach 
content increased at  double or threefold the  "normal" rate  in the cases 
where weak acids were employed (Fig. 4). 
6.  In conclusion one may state that  the cat's stomach mucosa on the 
whole exhibits properties similar to artificial dialysis membranes, and that 
therefore the ion concentration variations  displayed in stomach contents 
can be ascribed to pure diffusion processes. 
The diffusion hypothesis applied to the gastric hydrochloric acid is capa- 
ble of explaining the well known parallelism of the gastric juice acidity 
with the rate of secretion.  It can also suggest a mechanism for the total 
chloride  variations  discussed  by  Hollander  (1932).  It  does  not  seem 
necessary to  assume the existence of any special diluting or neutralizing 
secretion in order to form a probable picture of the mechanism  of the"acidity 
regulation" and the total chloride variation (cf.  the discussions by Teorell 
(1933). ~  However, it should be admitted that  in many cases  a  certain 
n Bolam, T. R., The Donnan equilibria, London, C. Bell and Sons, Ltd., 1932, 94. 
12 Teorell, T., Skand.  Arch. Physiol.,  1933, 66, 292-295. 274  PERMEABILITY 0]~  STOMACH MUCOSA :FOR ACIDS 
degree of influence from a diluting and slightly neutralizing "mucus" secre- 
tion may exist, particularly in human subjects, when the acid gastric volumes 
are small, i.e. in the beginning and at the end of a  secretion period and in 
pathological cases with low secretion rates (cf. Ihre).  As a rule, however, 
it is claimed that "exchange" or "back diffusion" of the hydrochloric acid 
(hydrogen ions)  constitutes the main mechanism of the so  called acidity 
regulation  in  the  stomach. 
These  diffusion  concepts  have  already  been  developed  qualitatively 
in  earlier papers  by the author  (1933,  1935)  and will be  taken up  for a 
further quantitative discussion in  a  forthcoming paper. 
SUMMARY 
1.  Solutions approximately isotonic with blood of strong and weak acids, 
several salts, glucose, and glycine were introduced in the resting stomachs 
of cats.  The concentration and volume changes were recorded. 
2.  It was found that the stomach mucosa was permeable to the majority 
of the ions tested.  There was also a permeability in the opposite direction 
from the blood (mucosa) to the stomach content, particularly of alkali chlo- 
rides.  Poorly  permeable  substances  were  glucose,  glycine,  and  sodium 
iodate.  Pure weak acids such as acetic acid penetrated very rapidly. 
3.  The  electrolyte concentration  changes  in  the  stomach  content  (or 
gastric juice) are pictured as an exchange diffusion; for instance, the hydro- 
gen ions of an acid arc exchanged against alkali ions of the mucosa or blood. 
4.  It is pointed out that the concept of the mucosa as an ion permeable 
membrane could be used as the foundation of a  "diffusion theory," which 
can explain the acidity and chloride variations of the gastric juice without 
postulating  neutralizing  or  diluting  secretions. 
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